S
ize is one of the most significant and fascinating characteristics of all organisms. Its significance derives from the strong relationships, especially in animals, between body size and many physiological traits and ecological characteristics (1, 2) . What makes size fascinating is its extremes. They not only compel wonder at deviation from the average for a given group (3), but also provide insight into the mechanisms underlying size variation (4) . Among the insects, the giant forms of the late Paleozoic have perhaps captured most attention. Many species from this period were large by modern standards; an extreme case is a member of the aerial predator group, the Protodonata, with a wingspan of ca. 71 cm (5) . Modern dragonflies have wingspans typically one-tenth of the size (6) . How such gigantism could have arisen and why these large species subsequently disappeared have long been staples of biology (5, 7). Although several explanations for the rise and fall of insect giants have been proposed, the physiological limits to performance or fitness at a given size and the improvements (constraints) brought by higher (lower) atmospheric oxygen concentration (partial pressures) have garnered most attention (7, 8) . In PNAS, the work by Clapham and Karr (9) uses a massive compilation of fossil data to show that biotic interactions, especially predation by birds, are plausibly responsible for a decoupling of size from oxygen concentration from the Early Cretaceous onward. Their findings bring a robust and fresh ecological perspective to the discussion of insect size variation.
Size, Fitness, and Oxygen Concentration Unlike many other ectotherms, in insects, gas exchange takes place through a system of tubes, the tracheae, that lead directly to the cells if not the mitochondria, where oxygen acts as an electron receptor during respiration (10) . The exceptionally high power demands of insect flight, coupled with this gas exchange system, led early physiologists to conclude that large modern flying species may be at their performance limits (11, 12) . At any larger size, the high power demands coupled with the requirements for diffusion through the smallest tubes could simply not be met. In particular, they could not be met at the ca. 21% current oxygen concentration (or ca. 21 kPa partial pressure) typically found at sea level. These conclusions led to speculation that higher oxygen partial pressures, as were becoming known for the Late Paleozoic, could have enabled species to achieve body sizes much larger than those sizes currently known (11, 12) . By similar reasoning, it was later argued that declines in oxygen concentration might have led to the disappearance of these giants (7, 13) .
Subsequent work has presented and to a lesser extent, explored a wide range of mechanisms that might improve the fitness or performance of larger-sized individuals under hyperoxic conditions relative to their smaller counterparts and vice versa (8) . Most promising among these mechanisms is hypermetry of the tracheal system, such that the larger tracheae required for adequate performance of larger insects, under a 21% oxygen concentration, could simply not be accommodated by peripheral structures of the insect body (8) . As is discussed in the work by Clapham and Karr (9) , much of this recent discussion has focused on plastic responses and shortterm evolution of size under laboratory conditions. These aspects do not reflect longer-term changes under more natural conditions, where organisms simultaneously experience changes in a variety of conditions, such as the presence of competitors and predators. By contrast, investigations of changes in the size distributions and maximum body sizes of naturally occurring insect assemblages certainly do, and this approach is precisely the approach adopted in the work by Clapham and Karr (9) .
Assemblages Reflect Interacting Effects
In their study, Clapham and Karr (9) investigate temporal trends in maximum insect size based on a newly compiled dataset of more than 10,500 fossil insect wing lengths. They then apply statistical models to determine the contributions of oxygen partial pressure, temperature, and stasis during different time periods, to size variation among 10-Myr time intervals (9) . They include temperature (using paleolatitude as a proxy) because of the known positive relationship between the maximum size of insects in an assemblage and ambient temperature (9, 14) . They find that, between the mid-Carboniferous (the start of their data series) and about 140 Mya, maximum size tracks atmospheric oxygen concentration. However, after about 130 Mya, variation is better explained by a decoupling of body size from oxygen concentration (Fig. 1) and a model of stasis, with additional changes in stasis at 90-60 Mya. The work by Clapham and Karr (9) argues that the first shift coincides with the diversification of birds and later, increases in their maneuverability. Aerially adept predators would have placed substantial pressure on large Fig. 1 . Maximum body size of insect assemblages, represented here by the insect silhouettes, has varied considerably through geological time. Using a modeling approach and a compilation of more than 10,500 measurements of wing size of insect fossils, the work by Clapham and Karr (9) shows that the relationship between maximum size in an assemblage and atmospheric oxygen concentration (or partial pressure) was maintained from the Mid-Carboniferous until ∼130 Mya in the Early Cretaceous. Thereafter, the relationship was decoupled by predation, initially by birds (20) and later, by birds and bats. Moreover, the work by Clapham and Karr (9) also shows that the tendency of increasing maximum insect size to the tropics (14) is a constant feature of insect assemblages through time. COMMENTARY flying, presumably palatable insects. The later shift in stasis is ascribed to additional radiation of the birds and possibly, the bats, likely meaning enhanced predation, although competition for food among the aerial insect predators and highly maneuverable flying vertebrates cannot be ruled out. These findings provide an entirely fresh line of evidence in favor of the formerly mooted physiological mechanisms (7, 8, 13) . In particular, previous investigations have tended to note the relationship between maximum size and oxygen concentration rather than model it explicitly. The work by Clapham and Karr (9) also provides evidence showing that the relationship is decoupled by biotic interactions. Predation makes good sense ecologically, even if inferred. Much research exists in favor of size-selective predation of insects (15) . Moreover, in ecologically analogous situations, such as the introduction of predators to previously predator-free systems, a common outcome is extinction, whereas the introduction of competitors rarely leads to such profound impacts (16) . In consequence, predation seems an excellent candidate for explaining the change in the oxygen-size relationship in insects.
By exploring explicitly and then rejecting the likely influence of sampling artifacts and showing that their results hold for body volume, which is of considerable significance from a physiological performance perspective (8, 11, 12) , the work by Clapham and Karr (9) provides robust additional support for their findings. Moreover, by showing that the best models always include paleolatitude Predation seems an excellent candidate for explaining the change in the oxygen-size relationship in insects.
(as a proxy for temperature), the work by Clapham and Karr (9) also shows that the positive maximum size-temperature relationship is not simply a recent phenomenon. Several explanations for such a relationship exist, and most encompass the improvement in performance brought by higher metabolic rates at warmer temperatures (14, 17) . Indirectly, the fossil evidence presented here suggests that such mechanisms have deep historical roots in the insects if not in other groups.
Conclusions and Perspectives
To date, the discussion of insect size variation over geological time has typically been characterized by brief pause to consider biotic interactions followed by much focus on physiological mechanisms. By introducing data and modern modeling, the work by Clapham and Karr (9) provides an innovative approach that integrates these seemingly contradictory perspectives. This approach is the hallmark of good science-the development of hypotheses that seamlessly integrate previously competing ideas. Nonetheless, much remains about gigantism and its subsequent disappearance that needs to be explained. Other arthropods, including ground dwellers, and several vertebrate groups also had large-bodied forms in the late Paleozoic, which subsequently disappeared (13) . Although a sampling mechanism associated with the end-Permian mass extinction may account for some of the disappearances, much room exists for exploring and integrating other mechanisms. These mechanisms include the physiological effects of declining oxygen concentrations on thermal tolerance, which may have a size bias in species relying on diffusion, including the aquatic immature forms of many insects (18) , and the impacts of hypoxia on species ranges (19) . Integrated approaches, such as the one developed in the work by Clapham and Karr (9), provide an important avenue for furthering such work. Moreover, they serve as powerful reminders that neglect of ecological interactions is unwise when trying to understand or perhaps, forecast how assemblages respond to abiotic environmental change.
